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Abstract—This paper overviews certain radiation detection,
perception, and planning challenges for nuclearized robotics
that aim to support the waste management and decommission-
ing mission. To enable the autonomous monitoring, inspection
and multi–modal characterization of nuclear sites, we discuss
important problems relevant to the tasks of navigation in
degraded visual environments, localizability–aware exploration
and mapping without any prior knowledge of the environment,
as well as robotic radiation detection. Future contributions will
focus on each of the relevant problems, will aim to deliver a
comprehensive multi–modal mapping result, and will emphasize
on extensive field evaluation and system verification.
I. INTRODUCTION
A history of nuclear research, power generation and mil-
itary developments has left a legacy of nuclear sites, now
requiring careful decommissioning. In the U.S., the goal
is that of safe cleanup of the Manhattan Project nuclear
sites, the ensuing Cold War nuclear arms race, and the early
years of federal nuclear science research and technology
development. Sub–tasks of this broad mission include a)
nuclear facility decommissioning, b) soil and water cleanup,
c) liquid radioactive waste processing and disposition, d)
solid radioactive waste treatment, storage and disposal, as
well as e) nuclear materials and spent nuclear fuel manage-
ment. In these challenging tasks requiring careful inspection,
characterization, decommissioning and maintenance, robotic
systems can be of unparalleled value. Specialized, robustly
autonomous, robotic systems that can deal with the dirty,
dull, dangerous and difficult environments of the nuclear sites
are now required.
However, to facilitate the vision of broad and reliable
robotic support of the waste management and decommis-
sioning efforts, a set of challenges have to be addressed.
Among others this includes the need for pioneering plat-
form designs presenting ultimate mobility, robust autonomy
in often visually–degraded and GPS–denied environments,
high–resolution mapping and semantic classification, radi-
ation detection and its fusion with multi–modal maps, as
well as radiation source localization. Despite very important
efforts of the community, such as those described in [1–7],
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a variety of complex problems are yet to be addressed so
that robots can operate autonomously in the sites relevant
to the decommissioning effort and provide comprehensive
mapping and characterization. Indeed, the complexity and
the degraded conditions in the facilities of interest are unique
to the domain. Figure 1 presents photos of relevant sites.
Fig. 1. Indicative facilities of interest: a) H–Canyon and b) PUREX.
In this paper we discuss the problem of robotically sup-
ported nuclear waste management and decommissioning in
the sense of autonomous exploration, inspection and char-
acterization of the nuclear sites. In particular, our goal is to
discuss some of the sensing, path planning, control, system
design and implementation challenges that are particular to
the environments and mission goals of nuclear site charac-
terization.
II. CHALLENGES FOR NUCLEARIZED ROBOTICS
Nuclear facilities present a unique set of challenges that
make robotic support attractive. The most unique and ob-
vious challenge encountered at nuclear facilities is ionizing
radiation, ranging from a few times the natural background,
to dose rates exceeding many Sv/hr at sites housing spent
nuclear fuel, reprocessed material, and also at nuclear ac-
cident sites [8–11]. This radiation creates an environment
hazardous to worker entry, and is in many cases not well
characterized because of the lack of human surveys. Loose
or airborne contamination creates an internal exposure hazard
and penetrating beta, photon and neutron fields pose external
exposure threats. Robotic platforms can accurately map radi-
ation fields in environments where dose–rates make person-
nel entry impossible, and additionally can map radiation and
radionuclide contamination in less hazardous environments
more efficiently than traditional surveys, keeping with the
health physics principle of ALARA (As Low As Reasonably
Achievable). Furthermore, nuclear facilities and especially
those relevant to the decommissioning mission often are only
documented in historic reports. Although rich documentation
is available and useful information can be extracted from
it, for most of these sites prior maps are not available and
capability for GPS–denied operation is required.
In very high radiation areas, robotics have a unique role
in performing tasks that are inaccessible or particularly
challenging to humans. Indeed there are operational dose
limits on robotics as well. However these limits are much
higher and can be mitigated with a combination of radiation
hardened electronics, additional shielding, and path planning
to minimize time of exposure and dose rates. Radiation
damage to semiconductor electronics represents the soft–
point for nuclearized robotics, and for very high radiation
dose rates, hardened electronics should be chosen, with a
wealth of knowledge available from the use and evaluation
of electronics packages for space applications. Additionally,
work should be conducted for the effect of ionizing radiation
on a range of optical systems, including cameras, LiDAR
and other proximity/ranging systems. For certain modalities,
such as CCD and CMOS optical sensors the effects of
ionizing radiation have been demonstrated [12, 13], yet a
comprehensive study on the effects of radiation on many
common other robotically–employed sensors is yet to be
conducted in order to evaluate the performance of each and
identify points of failure. This should be further coupled with
the specific task the sensors are used for (e.g. SLAM).
Robotics for facilities with unsealed sources of radiation
should make consideration for ease of decontamination, or in
some cases design systems or components to be replaceable
or disposable. Additionally, some robotics for nuclear appli-
cations will enter areas of high radiation that will also contain
a strong thermal source, so temperature ratings and cooling
scenarios should be addressed for these applications. This
challenges aspects of the design and especially the battery
system. Furthermore, mapping and localization of lost or
orphan sources [14–17] represents a real, as demonstrated
by recent source recovery operations. Along with lowering
personnel doses in such operations, an autonomous system
can optimize a more efficient search method for multi–source
localization.
Finally, it is noted that the development of nuclearized
robotics for inspection operations, decommissioning, and
accident response could have further applications outside
the scope of this paper. Autonomous robotics with radiation
detection and mapping systems could represent an effective
safeguard tool for nuclear facilities and international inspec-
tors to accurately inventory nuclear materials and safeguard
against diversions. Such autonomous robotics could provide
round–the–clock inspection and inventory of facilities with
large layouts and quantities of material. Additionally, lessons
learned in the field of nuclearized robotics could provide
valuable design feedback for developing spacecraft systems
for missions outside of Low Earth Orbit (LEO), where
such systems will encounter high radiation fields, and derive
usable mission data from radiation sensing.
III. AUTONOMOUS OPERATION IN DEGRADED
VISUAL ENVIRONMENTS
Nuclearized robotics will be requested to operate in all
sorts of challenging environments. Going beyond the cur-
rent state–of–the–art in robotics for the nuclear domain,
autonomous operation (as opposed to teleoperation) and
mission–execution in GPS–denied environments will become
common. Even more challenging, it is noted that many im-
portant applications (e.g. decommissioning) often take place
in Degraded Visual Environments (DVEs). Iconic examples
include the inspection of the PUREX tunnels and H–Canyon.
For the problem of autonomous navigation in DVEs, a
robust localization and intelligent path planning strategy has
to be facilitated. Recent work of our team aims to address
the problem through a) multi–modal sensor fusion [18],
and b) localization uncertainty–aware Receding Horizon
Exploration and Mapping (RHEM) path planning [19]. In
this approach, data from visual cameras synchronized with
flashing LEDs (or Near Infrared cameras) are fused with
inertial sensor cues and a depth sensor in order to enable
robust operation in darkness. As given certain environments,
a sensing modality can become ill–conditioned, a multi–
modal sensor fusion approach can robustify the overall robot
operation and also provide mapping results of higher resolu-
tion and fidelity. Towards robotic operation in the complex
environments relevant to the nuclear decommissioning effort,
our team develops a Multi–Modal Mapping Unit (M3U) a
prototype of which is presented in Figure 2, while Figure 3
provides an overview of its components. Recently published
work employs a perception unit that relies on Near Infrared
cameras and inertial sensors for localization [18].
Fig. 2. Photo of a prototype of the Multi–Modal Mapping Unit.
With the localization pipeline running onboard the robot,
the robot pose and tracked landmarks as well as their
covariance matrix are estimated. These estimates are then
exploited from the path planning module and propagated
along sampled paths in order to account for the robot lo-
calizability along different trajectories. Figure 4 presents the
localizability–aware exploration and mapping planner [19].
At first, in an online computed tree, the algorithm identifies
the branch that optimizes the amount of new space expected
to be explored. The first viewpoint configuration of this
branch is selected, but the path towards it is decided through
Fig. 3. Overview of the design diagram of the Multi–Modal Mapping Unit
architecture. The microcontroller unit (MCU) is responsible for the visual–
inertial subsystem triggering, while a powerful high-level main processing
unit (MPU) handles all the data acquisition and processing tasks.
a second planning step. Within that, a new random tree
is sampled, admissible branches arriving at the reference
viewpoint are found and the robot belief about its state and
the tracked landmakrs of the environment is propagated. As
system state the concatenation of the robot states and tracked
landmarks (features) is considered. Then, the branch that
minimizes the localization uncertainty, as factorized using the
D–optimality of the pose and landmarks covariance matrix is
selected. The corresponding path is conducted by the robot
and the process is iteratively repeated. It is noted that this
process goes beyond baseline deterministic exploration [20,
21]. When some knowledge of the environment is available
as a prior map, work on optimized coverage can also be
exploited to provide a rough global path [22–29].
Fig. 4. 2D representation of the two–steps uncertainty–aware exploration
and mapping planner. The first planning layer samples the path with the
maximum exploration gain. The viewpoint configuration of the first vertex
of this path becomes the reference to the second planning layer. Then this
step, samples admissible paths that arrive to this configuration, performs
belief propagation along the tree edges, and selects the one that provides
minimum uncertainty over the robot pose and tracked landmarks.
IV. ROBOTIC RADIATION DETECTION
Radiation detection is a well–studied and a continuously–
evolving field on its own but robotized sensing brings further
and new challenges. First of all, good overview of the
types of radiation sensing systems, such as proportional
gas–filled detectors, semiconductor diode detectors, germa-
nium gamma-ray detectors and other solid–state solutions,
scintillation detectors, and radiation cameras, their features,
radiation, thermal, and mechanical hardness is required.
Furthermore, the critical role of photomultiplier tubes and
photodiodes has to be well–understood to enable the ap-
propriate selection and design of the sensing module. Good
theoretical references can be found at [30, 31]. Specific to the
application, the sensing solution has to be decided according
to the interest to detect alpha, beta, gamma or neutron activ-
ity, the required energy resolution and the power levels of the
site to be surveyed. A critical question is if spectroscopy is
required. Figure 5 presents indicative radiation detectors. In
addition, limitations of the robotic platform will necessarily
shape the final detector selection.
Fig. 5. Indicative radiation detectors: a) gas–filled proportional detector,
b) solid–state detector, c) scintillator, d) gamma camera.
In the area of gamma radiation detection, and depending
on the application, three detection technologies namely a)
miniature scintillation detectors (e.g. CeBr3, CsI, NaI) with
built–in temperature compensated bias generator and a pre-
amplifier often alongside a silicon photomultiplier (SiPm)
tube [32–37], b) miniature solid–state low voltage gamma
detectors [38, 39], and c) gamma cameras [40–42] are worth
of special attention. The first two solutions can be realized
at extremely small sizes and low–weights making them
affordable for aerial robotic applications, while scintillation
devices can provide the sensitivity and energy resolution
characteristics required for precise monitoring and source
localization. Radiation cameras are still relatively heavy but
provide unique characteristics when it comes to radiation
mapping in correlation with the 3D structure. Through
a multi–modal sensor fusion approach, comprehensive 3D
maps annotated with radiation can be derived.
Neutron detection is also a particularly interesting area
with high relevance to homeland security and industrial
monitoring (e.g. personnel monitoring, water content in
soil) applications. Neutron detection refers to the effective
detection of neurons entering a well–positioned detector.
Neutrons can be produced through multiple processes such
as alpha particle induced reactions, spontaneous fission, and
induced fission. Gas–filled proportional detectors such as
the family of 3He–based detectors [43], scintillation neutron
detectors (e.g. liquid organic, plastic) [44], as well as solid–
state neutron detectors may be used [45]. A selection of a
neutron detector with the appropriate radiological sensitivity
for the application is required.
Alpha detection is key to many applications in contami-
nated areas but its detection is particularly challenging. As
alpha particles are the heaviest and most highly charged of
the common nuclear radiations, they quickly give up their
energy to any medium through which they pass, rapidly
coming to equilibrium with, and disappearing in the medium.
Due to this reason special detection techniques must be
used to allow the particles to enter the active region of a
detector (e.g. ZnS(Ag)–based scintillation devices)). In field
instruments it is common to use an extremely thin piece of
aluminized Mylar film on the face of the detector probe to
cover a thin layer of florescent material. This is due to the
fact that energy attenuation of the incident alpha radiation
through Mylar is estimated to be less than 10%. However,
the use of this film makes the detector extremely fragile - to
the level that any contact with a hard object, such as a blade
of hard grass, may puncture the film [46].
Beyond the radiation detectors themselves, a set of meth-
ods and techniques are critical to achieve the desired final
sensing result. First of all, spectroscopy is critical when char-
acterization matters. Dose and dose–rate equivalent count
rate monitoring is important especially for safety–related
tasks. Facilitation and tuning of detection directionality
through a set of techniques (e.g. compton imaging, coded
mask apertures, collimation) allows to realize the desired
sensing properties. Furthermore, appropriate design of the
interfacing (e.g. amplifiers, multi–channel analyzers, analog–
to–digital converters) and processing electronics (e.g. DSPs,
FPGAs) is critical and has to be considered in order to
achieve the desired sensing functionality at an affordable
weight and cost.
An additional critical step is that of detector calibration.
The process of radiation detector intrinsics calibration in-
volves the use of a pre–calibrated source and logging of
counting statistics over different orientations and distances
from the source. It is important to be aware of the polarity
characteristics of the radiation detector to be used and ongo-
ing experience indicates that an in–house calibration step is
critical to take place. Furthermore, extrinsics calibration with
the remaining of the sensor modalities is again required if
correlation with the 3D reconstructed map or direct sensor
data (e.g. camera frames) is to take place. Figure 6 presents
such calibration data for the case of the TEVISO RD3024
solid–state detector with the use of a 300mCi Cs-127 source.
Finally, a challenge of robotized nuclear detection es-
pecially related to platforms of high mobility (e.g. aerial
robots) is that of localization accuracy. Due to the fact that
Fig. 6. Calibration results of a TEVISO RD3024 solid–state detector with
the use of a 300mCi Cs-127 source. Calibration took place over different
sensor orientations and varied distances from the source.
depending on the application radiation detectors may require
significant dwell times, localization accuracy and robustness
is critical. This is particularly relevant when smaller spaces
are considered, when GPS–denied operation is required, and
when accurate estimates of the radiation source location are
required.
V. PRELIMINARY RESULTS
A set of preliminary studies related to exploration in DVEs
and radiation detection have been conducted in order to
approach the challenge of developing nuclearized robotics
especially related with the problem of supporting the waste
management decommissioning effort.
A. Localization and Mapping inside a Dark Tunnel
For this experimental evaluation, the mission took place
within a remote city tunnel during night–time. This kind
of environment is unique in multiple aspects: a) it exhibits
nearly–complete lack of ambient light due to its closed
structure especially at night (while even during the day it
still is significantly dark and robotic deployment within such
a space would still require handling of this aspect), b) it is
littered with dust which can lift up into the air and into
the sensors’ fields–of–view due to the turbulence created by
an aerial robot’s spinning rotors, and c) its internal structure
mainly composed of concrete walls is such that contains little
discernible texture.
Figure 7 illustrates these conditions based on the data
recorded during the experiment, alongside the localization
and mapping results as performed in real–time during the
experiment. A video of the experimental sequence is also
available at https://youtu.be/HpWlFUNboR4
B. Autonomous Exploration in DVEs
This mission scenario refers to the complete concept of au-
tonomous robotic exploration of DVEs. The mock-up space
is a dark indoor location, with dimensions 12 × 6.5 × 2m,
setup to incorporate artificially–created vertical and T–shaped
walls, as well as other structural elements by using 300 boxes
with size 0.4× 0.3× 0.3m.
Fig. 7. Aerial robotic localization and mapping within a dark city tunnel.
Fig. 8. Autonomous aerial robotic exploration within an indoor degraded
visual environment containing wall-like structures.
Figure 8 illustrates the aforementioned conditions,
as well as the progress of this experiment, while
a video of the sequence is also available at
https://youtu.be/1-nPFBhyTBM. For this mission
where the human is out–of–the–loop, consistent localization
and mapping during autonomous exploration are provided
by the localizability-aware RHEM planner.
C. Radiation Detection
Two Teviso RD3024 low voltage SMD/SMT nuclear radi-
ation sensors were installed on the aerial robot. As mounting
points the two opposite facing arms of its hexacopter struc-
ture were selected to create differential measurements and
exploit the polarity of the sensor. With the radiation sensors
being initially calibrated with the use of a characterized
source (see Figure 6), the robot was then commanded to
follow an exploration trajectory. Given the sensor data col-
lected, the source location is estimated. Figure 9 presents the
relevant result, while a video of the experiment is available
at https://youtu.be/b9BbKQTfrY8.
Fig. 9. Aerial robotic radiation detection.
VI. CONCLUSIONS
This paper discussed certain challenges relevant to the
problem of robotically supported nuclear waste management
and decommissioning with a special focus on nuclear site
characterization. Furthermore, preliminary results on GPS–
denied operation in degraded visual environments, explo-
ration and mapping, as well as radiation detection were
presented. Future work will focus on the challenges of multi–
modal characterization, robustly autonomous exploration and
mapping, optimized robotic radiation detection, and real–
time multi–source localization.
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